We have previously shown that the binding site for GTPase activating protein of Ras (RasGAP) in the PDGF b-receptor, Tyr771, is phosphorylated to a much lower extent in the heterodimeric con®guration of PDGF a-and b-receptors, compared to the PDGF b-receptor homodimer. The decreased recruitment of the RasGAP to the receptor leads to prolonged activation of the Ras/ MAP kinase pathway, which could explain the increase in mitogenicity seen upon induction of heterodimers. The molecular mechanism underlying these dierences was investigated. We could show that the loss of phosphorylation of Tyr771 was dependent on presence of intact binding sites for the protein tyrosine phosphatase SHP-2 on the PDGF b-receptor. Thus, in PDGF receptor mutants in which binding of SHP-2 was lost, a higher degree of phosphorylation of Tyr771 was seen, while other phosphorylation sites in the receptor remained virtually unaected. Thus, SHP-2 appears to play an important role in modulating phosphorylation of Y771, thereby controlling RasGAP recruitment and Ras/MAP kinase signaling in the heterodimeric con®guration of the PDGF receptors.
Introduction
Platelet-derived growth factor (PDGF) exerts its eect on target cells through interaction with and dimerization of high anity receptor tyrosine kinases (for review, see Heldin et al., 1998) . Ligand-binding induces receptor dimerization, leading to activation of their intrinsic tyrosine kinase activities and phosphorylation of speci®c residues in the intracellular part of the receptors. These phosphorylated tyrosine residues then act as docking sites for downstream signal transduction molecules containing SH2 domains (for review, see Pawson and Nash, 2000) .
The two closely related PDGF receptors, denoted a and b, respectively, have distinct binding characteristics with respect to the dierent PDGF isoforms. Thus, PDGF-AA forms aa-receptor homodimers, PDGF-AB forms aa-receptor homodimers and ab-receptor heterodimers, while PDGF-BB is able to induce all three dimeric con®gurations. The recently identi®ed PDGF-CC and PDGF-DD mainly form aa-receptor homodimers (Li et al., 2000) , and bb-receptor homodimers, respectively (Bergsten et al., 2001) , however, formation of heterodimeric receptors have also been reported (Gilbertson et al., 2001; LaRochelle et al., 2001) .
Signal transduction molecules binding to both PDGF receptors include the cytoplasmic tyrosine kinases of the Src family, phospholipase C-g1 and PI3'-kinase , whereas the adapter molecule Crk binds only to the a-receptors (Yokote et al., 1998) and the GTPase activating protein (GAP) of Ras binds only to b-receptors (Bazenet and Kazlauskas, 1994; Heidaran et al., 1993) . The PDGF-AB isoform has been reported to possess the strongest ability to induce a mitogenic response in cells expressing both a-and b-receptors (Heidaran et al., 1991; Rupp et al., 1994) . We have therefore investigated the possible unique features of the heterodimeric PDGF receptor complex compared to the homodimeric complexes, and found that in the heterodimeric complex activation of Ras and Erk2 MAP kinase were stronger and more sustained compared to homodimeric complexes (Ekman et al., 1999) . We could, furthermore, show that phosphorylation of Tyr771, the RasGAP association site in the PDGF b-receptor, occurred to a much lower extent in the ab heterodimer than in bb homodimers. Decreased association between the PDGF b-receptor and RasGAP was also seen in the ab heterodimer compared to the bb homodimer. This prompted us to investigate the mechanism underlying this dierence. In this report we show that the lower phosphorylation of Tyr771 in the PDGF b-receptor is due to the action of the protein tyrosine phosphatase (PTPase) SHP-2.
Results
Phosphospecific antibodies specifically recognizing phosphorylated Tyr771 in the PDGF b-receptor way, we raised a rabbit antiserum against a synthetic peptide corresponding to phosphorylated Tyr771 and the amino acids surrounding it (ADIESSNYMAPYD-NYVPS; denoted pY771). The resulting antiserum was anity puri®ed on three consecutive columns of immobilized non-phosphorylated Tyr771 peptide, immobilized phosphotyrosine and ®nally immobilized phosphorylated Tyr771 peptide. The resulting antibody preparation, denoted pY771, was shown to recognize the autophosphorylated PDGF b-receptor in a Western blot (Figure 1) . The signal could be competed by addition of phosphopeptide pY771 to the blot solution, whereas the corresponding non-phosphorylated peptide was without eect (Figure 1 ). To further strengthen these ®ndings, cells expressing either the wild-type PDGF b-receptor or the Y771F mutant b-receptor were stimulated with PDGF-BB, lysed, adsorbed to WGA-agarose and separated by SDS-gel electrophoresis followed by electrotransfer to an Immobilon P membrane. The ®lter was probed with the pY771 antibody. A strong PDGF b-receptor band was seen in the case of the wild-type receptor, but not in the case of the Y771F mutant receptor (Figure 2) . Reprobing of the ®lter with an anti-phosphotyrosine antibody clearly demonstrated equal activation and autophosphorylation of the wild-type as well as the mutant receptors.
Vanadate pretreatment of cells leads to increased phosphorylation of Tyr771
There are several possible explanations to the lowered degree of phosphorylation of Tyr771 seen in the PDGF ab heterodimer compared to the PDGF bb homodimer. One possible mechanism could be dierential degree of activation of a PTPase by either receptor. To test this hypothesis, porcine aortic endothelial (PAE) cells expressing both PDGF a-and b-receptors (PAE/ ab cells) were treated with or without sodium orthovanadate, followed by ligand-stimulation. After lysis, the receptors were adsorbed to WGA-Sepharose and separated by SDS-gel electrophoresis, followed by electrotransfer to an Immobilon P membrane. Probing with the pY771 antibody revealed a strong induction of Y771 phosphorylation after stimulation with PDGF-BB, while PDGF-AB stimulation, that preferentially leads to heterodimer formation, led to a lower degree of Y771 phosphorylation (Figure 3 ). However, preincubation with sodium orthovanadate virtually abolished the dierence in phosphorylation induced by PDGF-AB and PDGF-BB. Reprobing with antiphosphotyrosine antibodies revealed a similar overall tyrosine phosphorylation ( Figure 3 ). Thus, these data suggest that a PTPase that is inhibitable by sodium orthovanadate is responsible for the speci®c dierence in phosphorylation of Tyr771 seen.
Loss of recruitment of SHP-2 to either the PDGF a-receptor or the PDGF b-receptor leads to increased phosphorylation of Tyr771
The SH2 domain containing PTPase SHP-2 has previously been suggested to be able to dephosphorylate Tyr771 (Klinghoer and Kazlauskas, 1995) . We and others (Kazlauskas et al., 1993; RoÈ nnstrand et al., 1999) have demonstrated that association of SHP-2 with the PDGF b-receptor is dependent on phosphorylation of Tyr763 and Tyr1009 in the PDGF b-receptor. Association of SHP-2 to the PDGF a-receptor has been shown to be dependent on phosphorylation of Tyr720 in the PDGF a-receptor (Bazenet and Kazlauskas, 1994) . Furthermore, Tyr754 in the PDGF a-receptor is Figure 1 A phosphospeci®c antibody speci®cally recognizes phosphorylated Tyr771 in the PDGF b-receptor. PAE/ab cells were serum-starved overnight and then treated with 100 ng/ml of PDGF-AA, -AB or -BB for 1 h at 48C. After lysis, the lysates were incubated with Wheat Germ Lectin Sepharose (WGA) and the precipitates separated by SDS ± PAGE. After electrotransfer to a PVDF membrane, the membrane was incubated with pY771 antibody either in the absence of competing peptide in the antibody solution, in the presence of 40 mM of non-phosphorylated peptide (Y771 peptide), or in the presence of 40 mM phosphorylated peptide (pY771 peptide) Figure 2 pY771 antibodies do not recognize a Y771F mutant PDGF b-receptor. PAE/b cells or PAE/bY771F cells were serumstarved overnight and then stimulated with 100 ng/ml of PDGF-BB for 1 h at 48C. The cells were lysed and the lysates incubated with WGA Sepharose. After separation by SDS ± PAGE, the samples were electrotransferred to a PVDF membrane and the membrane then immunoblotted with pY771 antibodies. Overall tyrosine phosphorylation was detected using anti-phosphotyrosine antibody PY99
homologous to Tyr763 in the PDGF b-receptor, previously demonstrated to associate with SHP-2 (RoÈ nnstrand et al., 1999). Mutation of these tyrosine residues to phenylalanine residues renders the PDGF receptors unable to bind to SHP-2 (Bazenet and Kazlauskas, 1994; RoÈ nnstrand et al., 1999) .
Cells expressing either wild-type PDGF b-receptor (PAE/b) or a mutant PDGF b-receptor in which Tyr763 and Tyr1009 were mutated to phenylalanine residues (PAE/bY763/1009F) were stimulated with PDGF-BB, lysed and the receptors adsorbed to WGA-Sepharose. Bound proteins were resolved by SDS-gel electrophoresis, electrotransferred to Immobilon-P ®lter and probed with the pY771 antibody ( Figure 4) . A clear increase in phosphorylation of Tyr771 was seen in the PAE/bY763F/Y1009F cells, compared to wild-type receptor expressing cells, suggesting that phosphorylated Tyr771 indeed is a substrate for SHP-2. In order to check whether there was any dierence in overall autophosphorylation of the two receptors, the ®lters were stripped and reprobed with PY99 anti-phosphotyrosine antibodies. As can be seen in Figure 4 , the level of phosphorylation on tyrosine residues of the PDGF b-receptor was similar between the two cell lines. Thus, the eect of SHP-2 on PDGF b-receptor phosphorylation was selective for Tyr771. In addition to binding to SHP-2, Tyr1009 has been shown to associate with PLC-g1 (RoÈ nnstrand et al., 1992) . To further show that the eect on Tyr771 of the Y763F/Y1009F mutant was due to a PTPase, cells were preincubated with sodium orthovanadate to inhibit PTPases (Figure 4) . In this case, no dierence in the extent of phosphorylation of Tyr771 was seen between wild-type PDGF b-receptors and the Y763F/Y1009F mutant, further strengthening the ®nding of a role of PTPases in dephosphorylating Tyr771. Reprobing of the ®lter with phosphotyrosine antibodies revealed that the level of overall tyrosine phosphorylation was comparable between wild-type receptors and mutant receptors (Figure 4) .
Reduced phosphorylation of Tyr771 in the PDGF ab heterodimer is mediated by SHP-2
To test whether SHP-2 is responsible for the reduced phosphorylation of Tyr771 seen in PDGF ab heterodimers, cells expressing the wild-type PDGF a-receptor together with either wild-type PDGF b-receptor (PAE/ ab; Ekman et al., 1999) or a mutant PDGF b-receptor in which Tyr763 and Tyr1009 were mutated to phenylalanine residues (PAE/abY763/1009F) were stimulated with 100 ng/ml of PDGF-AA, -AB or -BB for 1 h at 48C. Cells were lysed and the lysates incubated with WGA Sepharose, followed by separation using SDS ± PAGE and electrotransfer to a PVDF membrane. The membrane was immunoblotted using pY771 antibodies. For the detection of overall tyrosine phosphorylation, anti-phosphotyrosine antibodies PY99 were used.
It could be shown that phosphorylation of Tyr771 signi®cantly lower in PAE/ab cells stimulated with PDGF-AB, compared to PDGF-BB stimulated cells ( Figure 5 ). In contrast, in PAE/abY763F/Y1009F cells no signi®cant dierence in phosphorylation of Tyr771 is seen upon PDGF-AB or PDGF-BB stimulation. The overall level of tyrosine phosphorylation of the PDGF receptors was the same in both cell lines ( Figure 5 ).
Dephosphorylation of Tyr771 is dependent on SHP-2 association to either the PDGF a-or the PDGF b-receptor
To further evaluate the possible role of SHP-2 in heterodimer speci®c signaling, cell lines expressing wild-type PDGF b-receptors together with the Y720F/Y754F mutant PDGF a-receptor (that fails to associate with SHP-2), or both a-and b-receptors in mutated form (PAE/aY720F/Y754FbY763F/Y1009F) were analysed. Cells were stimulated with PDGF-AB, to induce formation of heterodimers of receptors. After Figure 3 Vanadate treatment of cells speci®cally increases the phosphorylation of Tyr771. PAE/ab cells were serum-starved overnight and then pretreated or not with 100 mM of Na 3 VO 4 . The cells were then stimulated with 100 ng/ml of PDGF-AA, -AB or -BB for 1 h at 48C. After lysis, the lysates were incubated with WGA Sepharose, separated by SDS ± PAGE and electrotransferred to a PVDF membrane. The membrane was then immunoblotted with pY771 antibodies. Overall tyrosine phosphorylation was detected using anti-phosphotyrosine antibody PY99 Figure 4 Removal of SHP-2 binding to the PDGF b-receptor leads to increased phosphorylation of Tyr771. PAE/b cells or PAE/bY763F/Y1009F cells were stimulated with 100 ng/ml of PDGF-BB for 1 h at 48C. Cells were pretreated or not with 100 mM Na 3 VO 4 . After lysis, the lysates were incubated with WGA Sepharose, subjected to SDS-polyacrylamide electrophoresis and electrotransferred to a PVDF membrane. The membranes were immunoblotted using pY771 antibodies. Overall tyrosine phosphorylation was detected using anti-phosphotyrosine antibody PY99
SHP-2 mediated dephosphorylation of Tyr771 in PDGFR-b S Ekman et al lysis, the receptors were adsorbed to WGA agarose, separated by SDS-gel electrophoresis and electrotransferred to Immobilon-P. Filters were sequentially probed with pY771 antibody and anti-phosphotyrosine antibody PY99. Antibody binding was detected by enhanced chemiluminescence using a cooled CCD camera. The ratio of pY771 and PY99 signal is shown as a measurement of the degree of speci®c Tyr771 phosphorylation ( Figure 6 ). As seen in Figure 6 , mutation of the SHP-2 binding sites in the PDGF a-receptor and/or the PDGF breceptor led to a gradual increase of phosphorylation of Tyr771, suggesting that the mechanism by which the phosphorylation of Tyr771 is reduced in the PDGF ab heterodimer, at least in part, is due to the activity of SHP-2. Reprobing with anti-phosphotyrosine antibodies revealed that the degree of overall autophosphorylation of PDGF a-and b-receptors were similar.
Discussion
In this paper we have investigated the mechanism by which Tyr771 phosphorylation is decreased in the heterodimeric PDGF receptor complex, compared to the homodimeric complexes. We found that a PTPase is likely to be involved in this process since preincubation of cells with a speci®c PTPase inhibitor, sodium orthovanadate, abolished the dierence in Tyr771 phosphorylation between the heterodimers and the homodimers. Since a mutant PDGF receptor lacking the ability to associate with and activate SHP-2 showed a considerably higher phosphorylation of Tyr771 than wild-type receptor expressing cells, SHP-2 is likely to be important for the dephosphorylation of Y771. The ability of SHP-2 to dephosphorylate Tyr771 in the PDGF b-receptor has previously been demonstrated by Klinghoer and Kazlauskas (1995) . The possibility that a dierence in substrate speci®city between the a-and b-receptor contributes to the dierence in phosphorylation of Tyr771 in homo-and heterodimeric complexes, is unlikely since no dierence in phosphorylation of Tyr771 was observed in chimeric constructs of a-and b-receptors (data not shown). SHP-2 associates to the PDGF a-and b-receptors in both the homodimeric and heterodimeric con®gurations. The heterodimers of receptors might be more ecient in recruiting SHP-2 than the homodimers. However, we were not able to demonstrate any such dierence. Thus, the mechanism by which SHP-2 preferentially mediates dephosphorylation of Tyr771 in the PDGF breceptor in the heterodimeric con®guration remains to be shown. A similar regulation of Ras activation via RasGAP binding to a tyrosine kinase receptor occurs in Drosophila. The tyrosine kinase receptor Torso interacts with CSW, the Drosophila homolog to SHP-2, and RasGAP. It has been shown that CSW, which associates to Tyr630 in Torso, is able to speci®cally dephosphorylate Tyr918, the binding site for RasGAP in Torso (Cleghon et al., 1998) . Figure 5 Loss of SHP-2 binding to the PDGF b-receptor leads to increased phosphorylation of Tyr771 in the PDGF ab heterodimer. PAE/ab cells or PAE/abY763F/Y1009F cells were serum-starved overnight and then stimulated with 100 ng/ml of PDGF-AA, -AB or -BB for 1 h at 48C. Cells were lysed and the lysates incubated with WGA Sepharose, followed by separation using SDS ± PAGE and electrotransfer to a PVDF membrane. The membrane was immunoblotted using pY771 antibodies. For the detection of overall tyrosine phosphorylation, anti-phosphotyrosine antibodies PY99 was used Figure 6 Dephosphorylation of Tyr771 is dependent on SHP-2 association to either the PDGF a-or the PDGF b-receptor. PAE/ ab cells, PAE/abY763F/Y1009F cells, PAE/aY720F/Y754Fb cells or PAE/aY720F/Y754FbY763F/Y1009F cells were serum-starved overnight and then stimulated with 100 ng/ml of PDGF-AB for 1 h at 48C. (a) Cells were lysed and subjected to immunoprecipitation with anti-SHP-2 antibodies, separated on SDS ± PAGE and electrotransferred to a PVDF membrane. The ®lter was probed with anti-phosphotyrosine antibodies (PY99). (b) Cells were lysed and incubated with WGA Sepharose, followed by separation using SDS ± PAGE and electrotransfer to a PVDF membrane. The membrane was immunoblotted using pY771 antibodies. For the detection of overall tyrosine phosphorylation, anti-phosphotyrosine antibodies PY99 was used. The intensity of signal from each band was quantitated by use of a Fuji LAS 2000 CCD camera. The values depict the ratio between pY771 signal and PY99 signal Dephosphorylation of Tyr771 may not be the only mechanism by which SHP-2 exerts a positive eect on the Ras/MAP kinase pathway. It is known that SHP-2 is phosphorylated on several tyrosine residues that constitute consensus binding sites for Grb2 (Li et al., 1994) . However, recent data from a number of systems suggest that these sites play a minor role for activation of Ras (Bennett et al., 1996) . Rather, evidence has been presented that the phosphatase activity of SHP-2 is involved (Rivard et al., 1995; Roche et al., 1996; Xiao et al., 1994) . It has also been suggested that SHP-2 is recruited into a multiprotein complex assembled on the Gab1 docking molecule and that SHP-2 exerts its positive function on Ras/MAP kinase signaling through dephosphorylation of an unidenti®ed molecule of 90 kDa in the complex (Shi et al., 2000) .
An interesting possibility is that SHP-2 can dephosphorylate speci®c residues also in the PDGF areceptor, but this remains to be investigated. By use of cells overexpressing either wild-type SHP-2, catalytically compromised SHP-2, or SHP-2 with the Grb2 docking sites mutated, we will be able to dissect the role of SHP-2 in individual pathways in PDGF abreceptor speci®c signaling.
Materials and methods

Plasmids, cells and cell culture
A cDNA encoding the full-length PDGF b-receptor (Claesson-Welsh et al., 1988) in which Tyr763 and Tyr1009 had been replaced with phenylalanine residues (RoÈ nnstrand et al., 1999) was transfected into PAE cells stably expressing the wild-type PDGF a-receptor, using Lipofectamine (Gibco BRL)(PAE/abY763F/Y1009F cells). Similarly, a cDNA encoding the full-length PDGF a-receptor (Claesson-Welsh et al., 1989) in which Tyr720 and Tyr754 had been replaced with phenylalanine residues was transfected into PAE cells stably expressing the wild-type PDGF b-receptor (PAE/ aY720F/Y754Fb cells). Another eukaryotic expression vector, pBabe, containing a puromycin resistance gene was used for co-transfection of cells (Morgenstern and Land, 1990) . Stable transfectants were obtained by selection with puromycin (Calbiochem) at a concentration of 0.5 mg/ml. PAE/a, PAE/b and PAE/bY763F/Y1009F as well as PAE/ab cells have been described earlier (Ekman et al., 1999; Mori et al., 1993; RoÈ nnstrand et al., 1999; Yokote et al., 1996) . PAE cells were maintained in Ham's F-12 medium supplemented with 10% fetal calf serum (FCS).
Antibodies and ligands
A peptide antiserum, pY771, reacting with phosphorylated Tyr771 in the kinase insert of the PDGF b-receptor was raised in a rabbit against the peptide ADIESSNY(p)MA-PYDNYVP, which was synthesized by Fmoc chemistry and phosphorylated as described (Andrews et al., 1991) . The antiphosphotyrosine antibodies PY99 and anti-SHP-2 antibodies were from Santa Cruz Biotechnology Inc. Peroxidaseconjugated secondary antibodies were from Amersham Pharmacia Biotech. PDGF-AA, PDGF-AB and PDGF-BB were kind gifts from Amgen.
Affinity purification of antibodies
The pY771 antiserum was anity puri®ed by passing over three consecutive columns of immobilized non-phosphorylated peptide, phosphotyrosine-agarose and immobilized phosphopeptide. Peptides were coupled to Agel 10 (Biorad) at a density of 2.5 mg of peptide per ml according to the manufacturer's instructions. Phosphospeci®c antibodies were eluted from the phosphopeptide column by 50 mM glycine, pH 2.7 and immediately neutralized with Tris. Antibodies were dialyzed against PBS/10% glycerol and stored at 7708C.
Immunoprecipitation and Western blotting
Immunoprecipitation and Western blotting was performed essentially as described by (Ekman et al., 1999) , with the modi®cations that cells were starved overnight in Ham's F-12 medium containing 1 mg/ml of BSA prior to the experiment. After electrotransfer and blocking, the ®lters were incubated with 5 mg/ml of pY771 antibody with or without addition of 40 mM of competing non-phosphorylated or phosphorylated peptide. For the detection of tyrosine phosphorylation, 1 mg/ ml of PY99 was used.
